The accurate prediction of vibrational wavenumbers for functional groups involved in hydrogen-bonded bridges remains an important challenge for computational spectroscopy. For the specific case of the C=O and N-H stretching modes of nucleobases and their oligomers, the paucity of experimental reference values, needs to be compensated by reliable computational data, which require the use of approaches going beyond the standard harmonic oscillator model. Test computations performed for model systems (formamide, acetamide and their cyclic homodimers) in the framework of the second order vibrational perturbation theory (VPT2) confirmed that anharmonic corrections can be safely computed by global hybrid (GHF) or double hybrid (DHF) functionals, whereas the harmonic part is particularly challenging. As a matter of fact, GHFs perform quite poorly and even DHFs, while fully satisfactory for C=O stretchings, face unexpected difficulties when dealing with N-H stretchings. On these grounds, a linear regression for N-H stretchings has been obtained and validated for the heterodimers formed by 4-aminopyrimidine with 6-methyl-4-pyrimidinone (4APM-M4PMN) and by uracil with water. In view of the good performance of this computational model, we have then built a training set of B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers (including linear regression scaling for N-H) for six-different uracil dimers, and a validation set including, together with 4APM-M4PMN, one of the most stable hydrogen-bonded adenine homodimers, as well as the adenine-uracil, adenine-thymine, guanine-cytosine and adenine-4-thiouracil heterodimers. Because of the unfavourable scaling of DHF harmonic wavenumbers with the dimensions of the investigated systems, we have optimized a linear regression of B3LYP-D3/N07D harmonic wavenumbers for the training set, which has been next checked against the validation set. This relatively cheap model, which shown very good agreement with experimental data (average errors of about 10 cm −1 ), paves the route toward the reliable analysis of spectroscopic signatures for larger polynucleotides.
Introduction
Spectroscopic approaches have become the methods of choice for analyzing structural, dynamical, and environmental effects for molecular systems of increasing complexity in a very effective yet non-invasive way [1] [2] [3] [4] [5] [6] [7] , and this is especially true for biomolecules and their building blocks, whose physical- † Electronic Supplementary Information (ESI) available: (i) Cartesian coordinates and structural parameters of the optimized structures of the hydrogenbonded nucleobases dimers, computed at B3LYP-D3/N07D and B2PLYP-D3/maug-cc-pVTZ levels of theory; (ii) Harmonic vibrational wavenumbers for nucleobases complexes, computed at B2PLYP-D3/maug-cc-pVTZ and B3LYP-D3/N07D levels of theory; (iii) Comparison between B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers and B3LYP-D3/N07D ones for the uracil and 2-thiouracil monomers corrected using the linear regression parameters. See DOI: 10.1039/b000000x/ a Scuola Normale Superiore, piazza dei Cavalieri 7, I-56126 Pisa, Italy; email: vincenzo.barone@sns.it b International Centre for Quantum and Molecular Structures, College of Sciences, Shanghai University, 99 Shangda Road, Shanghai, 200444 China; email: biczysko@shu.edu.cn c Consiglio Nazionale delle Ricerche, Istituto di Chimica dei Composti OrganoMetallici (ICCOM-CNR), UOS di Pisa, Area della Ricerca CNR, Via G. Moruzzi 1, I-56124 Pisa, Italy chemical characteristics are tuned by several weak interactions of comparable strengths [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In particular, the spectroscopic fingerprints in the ground and excited electronic states, studied by variety of experiments (i.e IR, UV, IR-IR, IR-UV) are often related to the stretching vibrations ν(C=O) and ν(N-H) 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , which in turn can be involved in N-H· · · O hydrogen bonds (HB) and other inter-or intra-molecular interactions. Indeed, shifts as large as hundreds of wavenumbers are sometimes observed for bands related to functional groups directly involved in hydrogen-bonded bridges, [28] [29] [30] [31] [32] [33] [34] [35] so that interpretation of the experimental outcomes might become questionable. 32, 34, 35 . This is particularly true for nucleobase dimers and oligomers, in view of their importance in prebiotic chemistry. 33, [36] [37] [38] [39] Let us recall, in this connection, that supramolecular noncovalent assemblies of nucleobases, or plausible building blocks of pre-RNAs, have been proposed as key intermediates along the evolutionary pathway toward contemporary nucleic acids. 40, 41 Unfortunately, unambiguous experimental frequencies are scarce for nucleobase dimers involving inter-molecular hydrogen bonds. Under such circumstances, reliable theoretical descriptions of spectroscopic fea-tures and, especially, of their trends, which cover the most important vibrational fingerprints would be highly desirable.
In the last few years, computational spectroscopy has extended its range of application from small semi-rigid molecules in the gas phase to larger molecular systems of current biological and/or technological interest in their natural environment. 3, [42] [43] [44] [45] [46] [47] Nevertheless, the accurate prediction of vibrational wavenumbers of molecular systems governed by weak intermolecular interactions remains a challenge, due to the difficulty of treating dispersion interactions 27, 32 and to the enhanced accuracy requirements of the potential energy surface (PES) for hydrogen-bonded bridges 48 . Several studies have shown that second-order vibrational perturbation theory (VPT2) [49] [50] [51] [52] in conjunction with PESs obtained by global hybrid functionals (GHFs) or, even better, double hybrid functionals (DHFs), perform a remarkable job for several molecular systems, 46, [53] [54] [55] [56] [57] [58] [59] [60] [61] and also for their supra-molecular analogues 32, 34, 35, 62 when complemented by empirical description of dispersion forces (e.g. the D3 63,64 model proposed by Grimme). Another remarkable conclusion of those studies, further confirmed by computations of small model systems in the present work, is that reliable, and essentially converged, anharmonic corrections are obtained by some GHFs (here B3LYP 65 ) in conjunction with polarized double-ζ basis sets augmented by diffuse functions (here N07D [66] [67] [68] ). The situation is more involved for the harmonic part, which requires more refined computational models. In this connection, remarkable results are usually delivered by some DHFs (here B2PLYP 69, 70 ) in conjunction with polarized triple-ζ basis set augmented by at least s,p diffuse functions.
Recently, we have started a comprehensive research project aimed to the accurate analysis and prediction of fully anharmonic spectra of nucleobases and their oligomers of increasing size and complexity 32, 35 , through a multi-step strategy. Starting from the spectroscopic properties of the isolated molecule, the investigation proceeded with the analysis of systems of increasing complexity, namely dimers, oligomers, micro-solvated species and, finally, condensed phases like the molecular solid 34 . It has been shown that fully anharmonic simulations are required to obtain realistic spectral line-shapes, which are strongly influenced by different intraand inter-molecular interactions. 32, 35 Moreover, the B3LYP-D3 63,64 computations led to remarkable improvements on the accuracy of structural parameters and binding energies for systems involving both stacking interactions and hydrogen bonds, providing at the same time accurate anharmonic frequencies. 32, 33, 46, 62, [71] [72] [73] However, some larger discrepancies with respect to experiment are still observed for the X-H and C=X (X=O, N) stretching frequencies 32, 61 , which can be systematically amended by hybrid computations 46, 74, 75 with harmonic frequencies corrected at higher-level of theory (Coupled Cluster (CC) or B2PLYP) with basis sets of at least triple-ζ quality 17, 46, 59 . The B2PLYP/B3LYP-D3 model has been applied for uracil-water complexes and hydrogen-bonded uracil dimers 35 . For uracil-water complexes, this method reproduces well also the vibrations involved in hydrogen bonds (ν(O−H) and ν(N − H)), with average and maximum uncertainties in the spectral region of hydrogen-bonding interactions of about 10 cm −1 and 20 cm −1 , respectively, i.e. nearly halved with respect to B3LYP-D3. With the aim of developing effective protocols for the study of larger and more complex systems, within hybrid schemes, another approach has also been considered to improve the description of harmonic frequencies for modes involved in hydrogen-bonding interactions through less demanding ONIOM B2PLYP:B3LYP computations, where only the part of the molecular system forming the hydrogen bonds is treated at the B2PLYP level of theory, whereas the remaining part is described by the B3LYP functional. 35 Full and "ONIOM" hybrid B2PLYP/B3LYP-D3 computational models yield very similar results (average uncertainties of about 10 cm −1 ) for uracil-water complexes. 35 However, the focused schemes would become less effective for larger molecular systems, with several inter-and intra-molecular interactions, so more general approaches are required.
The difficulties experienced in predicting reliable wavenumbers for C=O and N-H functional groups involved in hydrogen bonds, which show significant red-shifts for the stretching vibrational modes and analogous blue-shifts for the out-of-plane vibrational modes 22, 23 , motivated us to explore in this work the ability of DHFs to deal with the vibrational wavenumbers of those moieties, either isolated or involved in hydrogen bonds within a target accuracy of about 10 cm −1 and 30 cm −1 in terms of average errors and maximum discrepancies, respectively. On the basis of previous works and in order to obtain broader applicability to the molecular systems governed by various weak interand intra-molecular interactions 73, 76, 77 , we have chosen to use B2PLYP-D3 in conjunction with maug-cc-pVTZ 78 basis set. The results obtained using this method for some model systems are fully satisfactory for any kind of C=O group and for isolated N-H moieties. However, reduced accuracy of computed frequencies is observed for the N-H groups involved in hydrogen bonds, which can be improved only upon scaling by mean of linear equations. The two parameters defined in this way have been successfully validated for the heterodimers formed by 4-aminopyrimidine with 6-methyl-4-pyrimidinone (4APM-M4PMN) and by uracil with water. On these grounds, we have built a training set of B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers (including the linear regression scaling for N-H) for six-different uracil dimers (members of the T6 set) and a validation set including, together with 4APM-M4PMN, one of the most stable hydrogen-bonded adenine homodimers as well as with the adenine-uracil, adenine-thymine, guanine-cytosine and adenine-4-thiouracil heterodimers (V6 set). These molecular systems show different bonding patterns, but are all characterised by negligible proton-transfer effects, so that the VPT2 approach is expected to provide a correct description of the localized anharmonic PES. Due to the unfavourable scaling of DHF harmonic wavenumbers (in conjunction with rather large basis sets) for the bigger systems of current scientific and technological interest, we have optimized also linear regressions for C=O and N-H harmonic wavenumbers computed by GHFs and polarized double-ζ basis sets for the T6 set, which were next validated on the V6 set. The good performance of this relatively cheap model (average errors of about 10 cm −1 ) paves the route toward the reliable analysis of spectroscopic signatures for larger polynucleotides.
Computational Details
All equilibrium geometries and harmonic force fields have been obtained by means of analytical gradients and Hessians of the B3LYP 65 global hybrid functional and the B2PLYP 55,69,70 double-hybrid functional, including Grimme's semi-empirical dispersion corrections (D3 63, 64 ). The B3LYP-D3 computations have been performed in conjunction with the double-ζ N07D basis set [66] [67] [68] 79 , which has been extensively validated for several spectroscopic observables 34, 35, 80, 81 . The reference B2PLYP-D3 computations have been performed with the maug-cc-pVTZ basis set 78 (in which d functions on hydrogens have been removed), in view of previous experience about increased basis-set requirements [55] [56] [57] 60, 82, 83 . The B3LYP-D3/N07D and B2PLYP-D3/maug-cc-pVTZ computational models will be simply labelled B3D3 and B2D3 in the following. Fully anharmonic vibrational computations have been performed within the VPT2 framework [49] [50] [51] [84] [85] [86] [87] [88] [89] , using cubic and semi-diagonal quartic force fields obtained by numerical differentiation of the analytical second derivatives along each active normal coordinate (with the standard 0.01Å step) at geometries optimized with tight convergence criteria. Fermi and DarlingDennison resonances have been treated within the generalized VPT2 scheme (GVPT2), where nearly-resonant contributions are removed from the perturbative treatment (leading to the deperturbed model, DVPT2) and variationally treated in a second step. 51, 85, 90, 91 This model 51, 84, 85 , as implemented in the GAUSSIAN package, 92 has provided accurate vibrational wavenumbers for several semi-rigid systems (see for instance Ref. 46 and references therein). Anharmonic computations have been performed also with hybrid models 46, 55, 57, 74, 75, 93, 94 , in which the harmonic part is computed at the B2D3 level and the anharmonic corrections are evaluated by the less expensive B3D3 approach. In this work we have adopted the simplest a posteriori hybrid approach in which anharmonic corrections are added to the best estimated harmonic results (ω B2D3 +(ν B3D3 -ω B3D3 )). The resulting hybrid approach will be shortly labeled B2D3/B3D3 in the following.
The B2D3 model has been validated with reference to the experimental vibrational wavenumbers of 2-thiouracil, acetamide, formamide and the hydrogen-bonded cyclic homodimers of the last two molecules. In order to improve the harmonic wavenumbers of N-H stretchings involved in hydrogen bonds (without worsening those of isolated N-H moieties), the following linear scaling formula was used,
The parameters, k B2 and ∆ B2 , were fitted by solving the equation,
where ν exp and ν B2D3 are reference experimental and anharmonic wavenumbers, respectively. The model, labeled B2D3NH in the following, has been validated by comparison with the available experimental N-H stretching wavenumbers for the 4-aminopyrimidine-6-methyl-4-pyrimidinone (4APM-M4PMN) hydrogen-bonded complex, as well as for four 1:1 uracil-water complexes 25, 95 . The B2D3NH model has been further applied in order to derive best theoretical estimates/reference data for ω(C=O) and ω(N-H) of larger complexes.
Next, two linear scaling equations (one for C=O and one for N-H stretchings) were derived to improve the accuracy of B3D3,
where the two pairs of k B3 and ∆ B3 parameters (one for C=O and one for N-H) have been fitted by comparison with the harmonic wavenumbers of a training set (hereafter T6) of six hydrogen-bonded uracil dimers computed at the B2D3NH level. The resulting B3D3C model has been then validated with reference to B2D3NH harmonic wavenumbers computed for a validation set (hereafter V6) including the adenine homodimer (A-A), the adenine-uracil (A-U), adenine-thymine (A-T), guanine-cytosine (G-C), adenine-4-thiouracil (A-ThioU) and 4APM-M4PMN (mimicking the adenine-thymine dimer) heterodimers, which are characterized by diverse hydrogen bond patterns and quite different wavenumbers of the corresponding vibrational modes. The structures and numbering schemes for the nucleobase complexes used in the T6 and V6 sets are shown in Figure 2 , while the corresponding Cartesian coordinates are reported in the supplementary material.
All calculations have been carried out employing the GAUSSIAN suite of programs 92 . Assignments of vibrational modes were performed by means of visual inspection of the atomic displacements along normal modes and by comparison with the assignments reported in the literature. A graphical user interface (VMS-Draw) 96 Harmonic and anharmonic vibrational wavenumbers and IR intensities of 2-thiouracil computed with the B2D3, B3D3, and hybrid B2D3/B3D3 models in the framework of the GVPT2 approach are compared to their experimental counterparts 53, 97 in Table 1 , where data relative to ν(N-H) and ν(C=O) are marked in bold. B2D3 and B3D3 harmonic wavenumbers are quite close (mean absolute error (MAE) of about 5 cm −1 ) for all modes except ν(N3H), γ(CH) and ν(C4=O), whose discrepancies reach 10-20 cm −1 . As expected, B2D3 and B3D3 anharmonic corrections are essentially identical also for C-H, N-H, and C=O stretchings (MAE=2 cm −1 ), the only discrepancies larger than 5 cm −1 being due to the different definition of Fermi resonances for the ν(C5H) and ν(C6H) modes.
Comparison with experiment shows that the B2D3 computational model is able to improve the harmonic part of the vibrational wavenumbers for ν(C=O) and (to a lower extent) for ν(N-H). Since the anharmonic correction is the most demanding part of the calculations, it is more advantageous to adopt an hybrid scheme, where this correction is computed at a lower level of theory like B3D3. In this way, it is possible to obtain very good agreement with experiment both for ν(C=O) and ν(N-H), with mean absolute errors of about 8 cm −1 and 2 cm −1 , respectively, instead of about 14 cm −1 and 13 cm −1 in the case of full harmonic/anharmonic B3D3 computations. This further confirms the accuracy of the anharmonic shifts computed with the B3D3 method, and points out the importance of using more accurate harmonic wavenumbers (e.g B2D3) for quantitative comparison with experiments. On the whole, the MAEs obtained for the anharmonic wavenumbers computed at B2D3 and hybrid B2D3/B3D3 levels of theory are very small, i.e. 6.4 cm −1 and 5.5 cm −1 , respectively, slightly better than the full B3D3 model (7.5 cm −1 ). Moreover, the intensities computed at both the B2D3 and B3D3 levels reproduce well the trends observed in the experimental IR spectrum. Those results confirm that B2D3 can be generally considered a reliable method for the prediction of vibrational properties and, additionally, shows better performance with respect to B3D3 for C=O and N-H stretching, which are also the ones mainly influenced by hydrogen-bonding interactions. Following this initial analysis, the B2D3 and hybrid B2D3/B3D3 models have been tested with respect to the vibrational properties of other model systems, acetamide and formamide and their cyclic dimers featuring hydrogenbonding interactions, focusing in particular on the ν(C=O) and ν(N-H) vibrations (see Tables 2 and 3 ). It is apparent that both B2D3 and hybrid B2D3/B3D3 computations provide fully satisfactory results for ν(C=O), with MAE of 5.4 cm −1 and 7.5 cm −1 , and maximum deviations of 10 cm −1 and 13 cm −1 , respectively. The situation is different for ν(N-H), which shows an overall MAE of 10.9 cm −1 and 12.2 cm −1 , respectively, but with larger maximum deviations over 40 cm −1 for the modes affected by hydrogen bonding (ν(N-H)s-as of both dimers). The unusually large discrepancies observed for N-H stretches involved in hydrogen bonds could be related to the parameterisation of dispersion correction (D3) as well as to intrinsic inaccuracies of the VPT2 treatment. With respect to the latter, we note that all systems studied in this work show only slight elongation of the N-H distances involved in HB interactions, so that the VPT2 approach is expected to provide a correct description of the underlying PES. Both test on the accuracy of the B2D3 PES along the hydrogen bonded bridge coordinate, and comparisons with variational vibrational computations are deferred to further studies. However, it has been shown for instance for T c−pyruvic acid, featuring an intramolecular O-H· · · O hydrogen bond, that for ν(O-H) HB , the discrepancies of B2D3 anharmonic wavenumbers with respect to experiment can be fully related to the harmonic part, at least for the fundamental transition 98 . Moreover, by scaling the B2D3 harmonic wavenumbers, it was possible to obtain very good agreement with experiment, on par with the best theoretical estimates employing Coupled Cluster computations and extrapolations to the complete basis set limit 98 .
Although the error of B2D3 harmonic wavenumbers is not dramatic and the general trends are always reproduced, in order to improve the overall accuracy, we tried to introduce some scaling of the harmonic wavenumbers. However, since isolated N-H stretchings are well determined, a constant scaling is not the best solution, and linear scaling equations should be preferred. To this end, in this work, harmonic B2D3 wavenumbers have been fitted to "harmonic experimental" values (ω exp ) obtained by subtracting B2D3 anharmonic corrections from the experimental fundamental transitions obtained in gas phase measurements for all the systems reported in Table 3 . Figure 3 shows a remarkable linear correlation between these two sets of data, which can be expressed as ω exp = k B2 * ω B2D3 + ∆ B2 , with k B2 =0.93±0.03, ∆ B2 =(2.9±0.9)*10 2 cm −1 and correlation coefficient R 2 =0.9952. Such corrected harmonic wavenumbers (referred to as B2D3NH) have been applied into hybrid models with anharmonic corrections computed at the B2D3 and B3D3 levels. The results are reported in the last two columns of Table 3 , showing significant improvement with MAE of 9.6 cm −1 and 7.6 cm −1 and maximum discrepancies below 20 cm −1 , which are well within our target accuracy. Physical Chemistry Chemical Physics
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Validation of B2D3NH model: 4APM-M4PMN and uracil-water complexes
The B2D3NH model has been further validated by comparison with available experimental data for two sets of systems, a model complex mimicking the adenine-thymine WatsonCrick pair, i.e. the 4-aminopyrimidine with 6-methyl-4-pyrimidinone 25 , and four uracil-water 1:1 complexes 95 . It is worth noting that, although there are several studies devoted to vibrational spectra of isolated hydrogen-bonded complexes of biomolecule building blocks, in our opinion most of them are not adequate for validation purposes due to possible bias in the spectral analyses, which have been performed with the support of insufficiently accurate computational models. For example, in a recent study the IR photodissociation action spectra of adenine dimer hydrates 99 have been used to determine their structures by comparing the experimental results with scaled harmonic computations at M06-2X/6-311++G(2d) level. Unfortunately, the conclusions are not without ambiguities since it has been shown that this computational level is inadequate for the prediction of vibrational features of isolated adenine 72 . The same remark applies to a previous analysis of IR-UV double-resonance spectra of adenine dimers 19 , in the N-H stretching frequency range, which has been performed with the aid of harmonic computations at the HF/6-31G(d,p) level, excluding the most stable symmetric structure due to the disagreement between computed and experimental spectra. Our experience suggests that improvement in theoretical methodology might eliminate such discrepancies, leading sometimes to the re-analysis of experimental data 81,100-103 . The situation is especially critical for weakly-bonded systems where it is necessary to combine structure identification of the complexes (for instance by means of rotational spectra 10, 11, 104 ) with analysis of the vibrational transitions. In this respect both systems chosen for validation purposes provide unequivocal reference data. For 4APM-M4PMN this is related to the specific setup of Adenine-Thymine mimicking molecular system, for which the Watson-Crick type bonding is strongly preferred and no other (differently bonded) complexes are expected in the experimental mixture 25 . For the uracil-water complexes 95 the analysis of the infrared spectra has been supported by measurements of vibrational transition moment angles for various vibrational modes. These measurements allowed to identify the formation of four structural isomers of the uracil-water binary complex in helium nanodroplets, and to assign all ν(N-H) and ν(O-H) vibrations. The accuracy of theoretical anharmonic wavenumbers has been assessed employing a database of ν(N-H) experimental wavenumbers obtained as discussed above and reported in Table 4 . The database involves both free and hydrogenbonded cases, and spans the rather large interval ranging between 2750 and 3550 cm −1 . Anharmonic corrections have been always obtained from GVPT2 computations at the B3D3 level, so that the results differ by the harmonic part only. As observed for smaller systems, the B2D3/B3D3 model shows excessive discrepancies with respect to experiment for ν(N-H) HB , with MAE and |MAX| of 31 cm −1 and 70 cm −1 , respectively, leading to overall MAE of 21 cm −1 . Significant improvement, for all anharmonic wavenumbers, is obtained with the hybrid B2D3NH/B3D3 scheme showing MAE and |MAX| of 11 cm −1 and 36 cm −1 , respectively. It is noteworthy that B2D3NH not only improves significantly ν(N-H) HB , lowering maximum discrepancies by about 35 cm −1 , but also refines the values of ν(N-H) free , leading to very good agreement within 1-6 cm −1 . On these grounds the B2D3NH model will be applied to obtain our best theoretical estimates for the harmonic wavenumbers of systems from the T6 and V6 benchmark sets.
B2D3NH harmonic wavenumbers for ν(C=O) and ν(N-H) and B3D3C model: the Nucleobase Dimers
In order to extend accurate anharmonic computations to larger systems we recall that the B2D3 harmonic wavenumbers are often more computationally demanding (mainly due to the increased memory requirements) than the evaluation of anharmonic corrections at the B3D3 level. Moreover, anharmonic corrections within reduced dimensionality schemes 46, 105, 106 can be quite routinely computed also for rather large systems like, for instance, uracil heptamer 34 , chlorophyll 105, 107 , glycine adsorbed on silicon cluster 106 or metal-carbonyldiimine complexes 108 . All these systems feature spectral fingerprints due to the carbonyl and/or amino groups, clearly showing that it would be highly desirable to correct ν(C=O) and ν(N-H) harmonic wavenumbers, also when B2D3 computations become unfeasible. In order to build reference databases of best theoretical estimates for harmonic wavenumbers of nucleobase complexes, we have performed B2D3NH computations for a number of representative systems. As a first step, a training set (T6) of six different hydrogen-bonded uracil dimers, referred to as U-Un (n=1,2,3,4,5,6) in Figure 2 , has been set up. The T6 set has been then used to derive linear scaling equations for the B3D3 wavenumbers of ν(C=O) and ν(N-H), based on the reference data from B2D3NH. The harmonic vibrational wavenumbers for these dimers, computed at the B2D3NH and B3D3 levels, are reported in the Supplementary Material, along with the assignment of the vibrational modes in the high-frequency region. These data are also compared in Figures 4 and 5 , for ν(C=O) and ν(N-H), respectively. In both cases, the B2D3NH and B3D3 results show rather good linear dependence and, considering all data within the linear regression of the form ω B2D3NH = k B3 * ω B3D3 + ∆ B3 , satisfactory fits have been obtained with coefficients of correlation, 1-20 | 5 R 2 =0.996 and 0.999 for ν(C=O) and ν(N-H), respectively. In this way, it has been possible to define the correction parameters, k B3 and ∆ B3 , for the B3D3 harmonic wavenumbers of ν(C=O) and ν(N-H), based on the more accurate B2D3NH ones as: k C=O B3 =0.92±0.01 and ∆ C=O B3 =(1.3±0.2)*10 2 cm −1 , k N-H B3 =0.865±0.006 and ∆ N-H B3 =(5.0±0.2)*10 2 cm −1 . These parameters have been then applied to correct the B3D3 harmonic wavenumbers for ν(C=O) and ν(N-H) of a validation set (V6) of other homo-and hetero-dimers of nucleobases. The V6 harmonic vibrational wavenumbers are reported in the Supplementary Material, along with the assignment of the vibrational modes in the high-frequency region. All B2D3NH and B3D3 results for the validation set are also depicted in Figures 4 and 5 , while the comparison between the uncorrected and corrected (C) B3D3 harmonic wavenumbers and the reference B2D3NH ones for ν(C=O) and ν(N-H) are reported in Tables 5 and 6 , respectively. First of all, it can be observed that all the data from the validation set fall very close to the straight line corresponding to the regressions derived for the training set. This finding indicates that the correction parameters for B3D3 harmonic wavenumbers defined for ν(C=O) and ν(N-H) using as training set the hydrogenbonded uracil dimers, can be transferred to improve both ν(C=O) and ν(N-H) of the other nucleobase dimers of the V6 set, even though they are characterized by different hydrogen bond patterns and quite different vibrational frequencies. Indeed, the correction parameters have been derived from hydrogen-bonded systems where only the N-H· · · O=C hydrogen bond type is present. The validation set, instead, features very different hydrogen bond types, specifically NH 2 · · · N, N-H· · · N and NH 2 · · · O=C. It is also noteworthy that the ν(N-H) harmonic wavenumbers from the T6 set cover the range 3200-3600 cm −1 , while the values from the V6 set span the much larger 2800-3800 cm −1 interval. Moreover, the fits derived from the training set alone and from the whole T6+V6 data agree with each other within the reported error bars. This finding strongly suggests a broad range of applicability for the proposed linear scaling equation parameters, which should hopefully cover any hydrogen-bonded system involving C=O and N-H functional groups with localized anharmonic character, independently of the partner in the hydrogen-bonded bridge.
In more detail, in the case of the A-A dimer, which presents two NH 2 · · · N hydrogen bonds, after correction the differences between B3D3C and B2D3NH harmonic wavenumbers are all lower than 20 cm −1 . For the ν asym (NH 2 ) and the ν(N9H) both corrected and uncorrected values agree within about 5 cm −1 , while a significant improvement (19 cm −1 with respect to 46 cm −1 ) is observed for ν sym (NH 2 ) .
In the case of the A-U heterodimer, featuring one NH 2 · · · O=C and one N-H· · · N hydrogen bonds, all B3D3C wavenumbers are within 13 cm −1 from the reference B2D3NH values, while uncorrected B3D3 show differences reaching 60 cm −1 . The major improvements are observed for the harmonic wavenumber of ν sym (NH 2 ) (by about 14 cm −1 ) and, mostly, uracil ν(N3H) is improved by about 48 cm −1 . Regarding the carbonyl stretching vibrational modes of uracil (ν(C2O) and ν(C4O)), involved in the hydrogen bonds within the dimer, the correction allows to improve both of them, with discrepancies from B2D3NH reference values, of -3 cm −1 and 1 cm −1 , respectively, instead of 15 cm −1 and 13 cm −1 for noncorrected B3D3.
For A-ThioU, A-T and 4APM-M4PMN the situation is analogous to that of A-U, with all discrepancies lower than 13 cm −1 for B3D3C values, and major improvements for N-H wavenumbers. Adenine and 4APM ν sym (NH 2 ), and mostly, thiouracil, thymine and M4PMN ν(N3H) harmonic wavenumbers undergo a remarkable improvement of about 13-21 cm −1 and 38-46 cm −1 , respectively, reaching values very close to the corresponding B2D3NH ones, with a difference of only -3 cm −1 in the case of thiouracil. The ν(C=O) vibration of thiouracil, thymine and M4PMN are improved as well, with discrepancies below 3 cm −1 instead of 10-18 cm −1 for noncorrected B3D3.
In the case of G-C, characterized by two NH 2 · · · O=C and one N-H· · · N hydrogen bonds, B3D3C values agree with the B2D3NH reference within 10 cm −1 . The harmonic wavenumber of ν sym (NH 2 ) for guanine is improved by about 14 cm −1 , while even larger corrections have been observed for intermolecular modes within the hydrogen-bonded bridges, i.e. the simultaneous stretching of N1H, NH 2 of guanine and ν(NH 2 ) of cytosine, whose discrepancy decreases by 28 cm −1 , the simultaneous stretching of NH 2 of cytosine and N1H of guanine, whose discrepancy decreases by 34 cm −1 , and the simultaneous stretching of C6O of guanine and C2O of cytosine, with a difference of -3 cm −1 compared to B2D3NH, instead of 11 cm −1 for the non-corrected B3D3.
Given the good performance of such linear scaling equations for improving, beyond B3D3, the harmonic part of vibrational wavenumbers for ν(C=O) and ν(N-H) involved in hydrogen bonds, we have also verified their behavior for isolated uracil and 2-thiouracil monomers (see Supplementary Material). In both cases, the discrepancies of the ν(C=O) with respect to B2D3 decrease significantly upon scaling, while minor improvements are obtained for ν(N-H). Specifically, for uracil the B3D3C values for ν(C2O) and ν(C4O) agree with their B2D3 counterparts within 1-3 cm −1 , instead of 17-18 cm −1 for non-corrected B3D3 results, while for 2-thiouracil the discrepancy of 22 cm −1 for ν(C4O) is lowered to 6 cm −1 .
Finally the B3D3 and B3D3C/B3D3 ν(N-H) anharmonic wavenumbers have been compared with experimental data for the hydrogen bonded complexes considered previously, namely the formamide and acetamide dimers, 4APM-M4PMN and U-Wn. From the data reported in Table 7 , it is Physical Chemistry Chemical Physics
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clear that the B3D3 results are significantly improved with the B3D3C correction, reducing MAE and maximum errors by a factor of 3, from 34 cm −1 to 12 cm −1 and from 100 cm −1 to 37 cm −1 . As expected, B3D3 shows significantly larger errors for the vibrations involved in the hydrogen bonds, with MAE of 54 cm −1 , while the usual rather good accuracy of B3D3 is retained for ν(N-H) free with MAE and |MAX| of 11 cm −1 and 18 cm −1 , respectively, in line with benchmark studies for isolated molecules 32, 46 . At variance, the B3D3C/B3D3 results show MAE of 11 cm −1 , 17 cm −1 and 7 cm −1 , on overall, for ν(N-H) HB and ν(N-H) free , respectively. Moreover, the B3D3C/B3D3 results show an accuracy essentially on par with the B2D3NH/B3D3 one, while the B3D3C/B3D3 model requires only B3LYP-D3/N07D anharmonic computations, so it is routinely applicable for systems containing up to 50 atoms within the full-dimensionality approach and even larger by means of reduced-dimensionality GVPT2 computations.
In conclusion, we strongly believe that the proposed linear scaling equations perform a remarkable job in improving B3D3 harmonic frequencies, leading to values very close to the B2D3NH data for both ν(C=O) and ν(N-H). It can be forecast that the same scaling approach is able to improve B3D3 stretching frequencies for C=O and N-H groups involved in any kind of hydrogen bonds, as well as for isolated molecules including such moieties as far as vibrations show rather localized character.
Conclusions
The description of vibrational properties for functional groups like C=O and N-H, in particular when involved in hydrogenbond networks, remains a challenge for computational spectroscopy, due to the strong anharmonicity of the corresponding stretching vibrational modes which requires methods going beyond the standard harmonic approximation and particularly accurate potential energy surfaces. Furthermore, for the case of nucleic acid bases, very limited experimental information is available about the perturbing effect of inter-molecular hydrogen bonds on vibrational frequencies. Test computations on small model systems (thiouracil, formamide, acetamide and their cyclic homodimers) have confirmed that, within the framework of VPT2, reliable anharmonic contributions can be safely computed at the B3LYP-D3/N07D level, which is cheap enough to allow the study of large systems, especially in connection with reduced dimensionality approaches. The situation is more involved for harmonic contributions, where the B3D3 computational model is clearly insufficient and even the more computationally intensive and reliable B2PLYP-D3/maug-cc-pVTZ approach is not fully satisfactory for N-H stretchings. We have thus derived a linear regression correction for this last vibrational mode and shown that the resulting B2D3NH anharmonic vibrational wavenumbers are sufficiently accurate. An even more effective approach, referred to as B2D3NH/B3D3, retaining essentially the same accuracy, is obtained correcting B2D3NH harmonic wavenumbers by B3D3 anharmonic contributions. This approach has been next validated by comparison with the available experimental data for a model complex mimicking the adenine-thymine WatsonCrick pair, i.e. 4-aminopyrimidine-6-methyl-4-pyrimidinone and for some uracil-water 1:1 complexes, showing an overall agreement with experiment within 10 cm −1 . Unfortunately, the B2D3NH/B3D3 model can be unpractical for larger systems in view of the quite unfavourable scaling of B2D3 harmonic wavenumbers. On these grounds, we have built a B2D3NH training set of 6 uracil homodimers (T6) and an analogous validation set (V6) of six additional dimers (including, together with 4APM-M4PMN, one of the most stable hydrogen-bonded adenine homodimer, the nucleic acids base pairs adenine-uracil, adenine-thymine, guanine-cytosine and the adenine-4-thiouracil heterodimer), which should be useful for testing, possibly correcting (by linear scaling equations), and validating cheaper quantum mechanical approaches. As a first application of these sets, we have derived and validated linear regression corrections for both C=O and N-H harmonic wavenumbers computed at the B3D3 level. Our results point out a wide applicability of such parameters for both isolated and hydrogen-bonded nucleobases, thus paving the route toward the study of large nucleosides and nucleotides of current scientific and technological interest. Physical Chemistry Chemical Physics Physical Chemistry Chemical Physics Accepted Manuscript Graphical abstract. The GVPT2 approach in conjunction with B3LYP-D3/N07D computations allows to obtain reliable anharmonic frequencies for C=O and N-H moieties involved in H-bridges for large systems, provided that the harmonic part is scaled by linear equations based on new B2PLYP-D3/maug-cc-pVTZ benchmarks.
